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A  simple  and  rapid  one-pot  wet-chemical  method  is  developed  for  large-scale  preparation  of  reduced 
graphene  oxide  nanosheets  supporting  Pt-Pd  nanoflowers  (Pt-Pd  NFs/RGOs)  using  hydrazine  hydrate  as 
a  reducing  agent,  without  any  seed,  template,  organic  solvent,  or  special  apparatus.  The  coexistence  of 
sodium  nitrite  (NaN02)  and  poly( vinyl  pyrrolidone)  (PVP),  and  their  amounts  are  essential  for  synthesis 
of  flower-like  nanostructures.  Besides,  Pt-Pd  NFs/RGOs  have  higher  catalytic  activity  and  better  dura¬ 
bility  for  oxygen  reduction  reaction,  compared  with  commercial  Pt-C  (50  wt  %). 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Currently,  Pt-based  catalysts  have  been  widely  used  as  the  best 
active  catalytic  components  for  direct  alcohol  fuel  cells  [1—3]. 
Nevertheless,  their  commercialization  is  severely  limited  by  many 
drawbacks  such  as  the  high  price  and  limited  reserves  of  Pt  [4]. 
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Moreover,  Pt-based  catalysts  confront  the  sluggish  kinetics,  which 
can  seriously  degrade  the  efficiency  of  fuel  cells  [5  .  Additionally, 
their  catalytic  activity  gradually  decreases,  because  the  generated 
carbonaceous  intermediate  species  tend  to  cover  the  surface  active 
sites  by  chemical  adsorption  [6].  Thus,  it  is  still  a  great  challenge  to 
improve  their  catalytic  performances  and  search  alternatives,  while 
reduce  the  content  of  Pt  for  practical  applications. 

Alloying  Pt  with  a  second  metal  (M  =  Pd,  Ni,  Ag,  and  Cu)  is  a 
promising  approach  to  reduce  the  dosage  of  Pt  and  enhance  the 
catalytic  performance.  To  date,  several  successful  examples  have 
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been  reported  for  bimetallic  alloys  [7-10  .  Another  effective 
strategy  is  to  decrease  the  size  of  Pt-based  catalysts,  which  can  be 
possible  by  enhancing  specific  surface  areas  per  mass  or  using 
supporting  materials  with  high  surface  areas  11-13  . 

It  is  known  that  graphene  as  one  of  carbon-based  nanomaterials 
has  attracted  enormous  interest  for  its  unique  features,  including 
the  large  surface  area,  good  electrical  conductivity,  great  mechan¬ 
ical  strength,  and  abundant  functional  groups  on  the  surface 
[14,15  .  As  a  result,  graphene  is  extensively  selected  as  an  attractive 
support  for  loading  electrocatalysts,  mainly  owing  to  its  fast  2D 
electron-transfer  kinetics  16].  Up  to  now,  several  methods  have 
been  developed  to  synthesize  Pt-based  alloys  supported  on 
(reduced)  graphene  oxide  nanosheets  ((R)GOs)  [17,18].  However, 
the  synthesis  methods  are  complex  and  time-consuming.  For 
example,  Liu  and  co-workers  synthesized  PdAg  nanorings  sup¬ 
ported  on  graphene  nanosheets  based  on  galvanic  displacement 
reaction  between  pre-synthesized  Ag  nanoparticles  and  Pd2+  ions 
[19].  Li  et  al.  prepared  AuPd  nanoparticles  dispersed  on  RGOs  by  a 
hydrothermal  method  [20].  It  is  still  required  to  explore  simple, 
reliable,  and  green  synthesis  methods  for  development  of  Pt-based 
catalysts. 

Herein,  a  simple  and  rapid  one-pot  wet-chemical  strategy  was 
designed  to  prepare  RGOs  supported  Pt-Pd  nanoflowers  (donated 
as  Pt-Pd  NFs/RGOs)  with  a  high  yield,  using  hydrazine  hydrate  as  a 
reducing  agent,  without  any  seed,  template,  organic  solvent,  or 
special  apparatus.  The  electrocatalytic  activity  and  stability  of  the 
as-prepared  nanocomposites  were  investigated,  using  oxygen 
reduction  reaction  (ORR)  as  a  model  system. 

2.  Experimental  section 

2.2.  Chemicals 

Chloroplatinic  acid  (H2PtCle),  palladium  chloride  (PdCl2), 
poly(vinyl  pyrrolidone)  (PVP,  MW  =  58  000),  NaN02,  and  hydrazine 
hydrate  (80  wt  %)  were  purchased  from  Shanghai  Aladdin  Chemical 
Reagent  Company  (Shanghai,  China).  Commercial  Pt-C  (50  wt  %) 
was  bought  from  Alfa  Aesar  Chemicals  company  (China,  Shanghai). 
All  the  other  chemicals  were  analytical  grade  and  used  without 
further  purification.  All  aqueous  solutions  were  prepared  with 
twice-distilled  water. 

2.2.  Synthesis  of  Pt-Pd  NFs/RGOs 

For  typical  synthesis  of  Pt-Pd  NFs/RGOs,  GOs  were  firstly  pre¬ 
pared  by  the  modified  Hummer's  method  [21].  Next,  0.5  mL  of 
100  mM  PdCl2, 1.29  mL  of  38.62  mM  H2PtCl6,  and  17.3  mg  NaN02 
were  put  into  a  10  mL  PVP  solution  (0.25  wt  %)  containing 
0.2  mg  mL-1  GOs  under  stirring.  Afterward,  the  pH  of  the  mixed 
solution  was  adjusted  to  12  with  freshly  prepared  0.1  M  NaOH. 
Next,  the  mixture  was  placed  into  the  ice-bath  and  quickly  turned 
black  upon  the  addition  of  100  pL  hydrazine  hydrate  (80  wt  %) 
under  stirring.  The  black  solution  was  further  stirred  for  another 
30  min  under  the  ice-bath.  Finally,  the  black  precipitate  was 
collected  by  centrifugation,  thoroughly  washed  with  ethanol  and 
water  to  remove  the  residual  PVP,  and  dried  at  60  °C  in  a  vacuum. 

Control  experiments  were  performed  by  adjusting  the  amount 
of  PVP  and  NaN02,  along  with  varying  different  reductants,  while 
other  conditions  were  kept  unchanged. 

2.3.  Instrumentation 

The  morphology  and  composition  of  the  samples  were  charac¬ 
terized  by  transmission  electron  microscopy  (TEM),  high- 
resolution  TEM  (HRTEM)  images,  and  high  angle  annular  dark 


field-scanning  transmission  electron  microscopy  (HAADF-STEM), 
as  well  as  X-ray  energy  dispersive  spectra  (EDS)  on  a  JEM-2100F 
transmission  electron  microscope  coupled  with  an  energy- 
dispersive  X-ray  spectrometer  (Oxford-1  NCA).  TEM  analysis  was 
carried  out  at  an  accelerating  voltage  of  200  kV,  and  Cu  grids  were 
used  as  substrates.  The  crystal  structures  were  examined  by  X-ray 
diffraction  (XRD)  analysis  on  a  Bruker-D8-AXS  diffractometer  sys¬ 
tem  equipped  with  Cu  Ka  radiation  (Bruker  Co.,  Germany).  X-ray 
photoelectron  spectroscopy  (XPS)  measurements  were  performed 
by  a  thermofisher-ESCALab  250  (ThermoFisher,  E.  Grinstead,  UK), 
using  Al  Ka  X-ray  radiation  (1486.6  eV)  for  excitation.  The  UV-vis 
absorption  spectra  were  recorded  on  a  Lambda950  UV/Vis/NIR 
spectrometer.  Raman  spectra  were  obtained  on  a  Renishaw  Raman 
system  model  1000  spectrometer  equipped  with  a  CCD  detector. 
Thermogravimetric  analysis  (TGA)  was  performed  in  air  on  a 
NETZSCH  STA  449C  analyzer,  where  the  samples  were  heated  from 
25  to  900  °C  at  a  heating  rate  of  10  °C  min-1. 

2.4.  Electrochemical  measurements 

All  electrochemical  experiments  were  performed  on  a  CHI  660D 
electrochemical  workstation  (CH  Instruments,  Chenhua  Co., 
Shanghai,  China)  with  a  conventional  three-electrode  cell, 
including  a  platinum  wire  as  counter  electrode,  an  Ag/AgCl  elec¬ 
trode  or  saturated  calomel  electrode  (SCE)  as  reference  electrode, 
and  a  modified  glassy  carbon  electrode  (GCE,  3.0  mm  diameter)  or 
rotating  disk  electrode  (Model  616,  RDE,  4  mm  diameter)  as 
working  electrode. 

For  typical  preparation  of  the  modified  GCE  and  RDE,  2  mg  of 
Pt-Pd  NFs/RGOs  was  dispersed  into  1.0  mL  of  water  under  ultra- 
sonication  for  30  min  to  obtain  a  homogeneous  suspension 
(2  mg  mL-1).  Similarly,  the  suspension  of  0.4  mg  mL-1  was  pre¬ 
pared  for  the  sample.  Then,  6  pL  of  the  2  mg  mL-1  suspension  was 
placed  on  the  GCE  surface  and  30  pL  of  the  0.4  mg  mL-1  suspension 
was  dropped  on  the  RDE  surface  using  the  macrosyringe,  followed 
by  casting  another  layer  of  Nation  (0.05  wt  %)  on  the  electrode 
surfaces  to  seal  the  samples  in  place.  The  resulting  specific  loading 
for  GCE  (or  RDE)  was  0.1700  (or  0.0955)  mg  cm-2.  For  comparison, 
commercial  Pt-C  (50  wt  %)  modified  GCE  and  RDE  were  prepared 
in  a  similar  way. 

Electrochemical  CO-stripping  voltammograms  were  acquired  by 
oxidizing  pre-adsorbed  CO  (COad)  in  0.5  M  H2S04  at  a  scan  rate  of 
50  mV  s-1.  CO  was  purged  through  the  electrolyte  for  30  min  to 
allow  complete  adsorption  of  CO  onto  the  samples.  The  amount  of 
the  COad  was  evaluated  by  integrating  the  COad  stripping  peak  and 
correcting  for  the  capacitance  of  the  double  electric  layer.  The  cyclic 
voltammetry  experiments  were  performed  in  0.5  M  H2S04  at  a  scan 
rate  of  50  mV  s-1.  The  ORR  measurements  were  conducted  in  02- 
satuated  0.5  M  H2S04  at  a  scan  rate  of  5  mV  s-1.  All  the  experiments 
were  carried  out  at  room  temperature,  if  not  stated  otherwise. 

3.  Results  and  discussion 

As  shown  in  Fig.  1  A,  the  product  contains  large-scale  flower-like 
nanoparticles  uniformly  dispersed  on  RGOs.  The  flower-like 
nanostructures  consist  of  several  ultrathin  irregular  petals  (Fig.  IB 
and  C).  Their  average  diameter  is  19.4  nm,  with  the  narrow  size 
distribution  from  13  to  25  nm  (Fig.  IB,  Inset).  And  their  high  crys¬ 
tallization  is  clearly  confirmed  by  the  selected-area  electron 
diffraction  (SAED)  pattern  (inset  in  Fig.  1C)  [3],  as  further  demon¬ 
strated  by  the  associated  HRTEM  images  (Fig.  ID).  Furthermore,  the 
lattice  d-spacing  distance  is  around  0.23  nm,  obtained  at  different 
marked  regions  of  a  single  nanoflower,  which  is  consistent  with  the 
(111)  planes  of  the  face-centered  cubic  (fee)  Pt-Pd  alloy  [22]. 
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Fig.  1.  Low  (A),  medium  (B),  and  high  magnification  (C,  D)  TEM  images  of  Pt-Pd  NFs/RGOs.  Insets  show  the  corresponding  particle  size  distribution  (in  B)  and  SAED  pattern  (in  C). 


HAADF-STEM-EDS  mapping  (Fig.  2A)  and  EDS  line  scanning 
profiles  (Fig.  2B)  reveal  homogeneous  distribution  of  both  Pt  and  Pd 
elements  across  the  whole  nanoflower,  as  strongly  verified  by  the 
EDS  spectrum  (Fig.  2C),  showing  the  formation  of  Pt-Pd  alloys  [6]. 
In  addition,  the  atomic  ratio  of  Pt  to  Pd  is  about  3:2  in  Pt-Pd  NFs/ 
RGOs. 

Importantly,  XRD  spectra  (Fig.  2D)  were  measured  to  further 
examine  the  composition  and  crystal  structures  of  Pt-Pd  NFs/RGOs 
(curve  a),  in  which  four  representative  diffraction  peaks  are 


detected  at  40.1°,  46.6°,  68.3°,  and  81.9°,  corresponding  to  the  (111 ), 
(200),  (220)  and  (311 )  planes  of  the  fee  Pt-Pd  alloy  [23  .  Moreover, 
an  extra  peak  is  emerged  at  21.4°,  unlike  the  original  GOs  only  with 
a  sharp  peak  at  10.9°  (curve  b).  These  findings  indicate  complete 
removal  of  oxygen-containing  groups  from  GOs  after  the  reduction 
process,  causing  the  formation  of  RGOs  [24  . 

Raman  and  UV-vis  spectra  were  commonly  used  to  characterize 
the  electronic  and  structural  properties  of  carbon-based  materials 
[25,26].  Fig.  3A  illustrates  the  Raman  spectra  of  Pt-Pd  NFs/RGOs 


o 

o 


Fig.  2.  HAADF-STEM-EDS  mapping  images  (A)  and  EDS  line  scanning  profiles  (B),  EDS  (C),  and  XRD  (D)  spectra  of  Pt-Pd  NFs/RGOs. 
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Fig.  3.  Raman  spectra  (A)  of  Pt-Pd  NFs/RGOs  (curve  a)  and  GOs  (curve  b).  UV-vis 
spectra  (B)  of  Pt-Pd  NFs/RGOs  (curve  a),  RGOs  (curve  b),  and  GOs  (curve  c). 

(curve  a)  and  GOs  (curve  b).  The  two  typical  peaks  correspond  to 
the  D  and  G  bands  [27].  The  D  band  is  related  to  the  sp2  carbon 
atoms  of  disordered  graphene  nanosheets,  while  the  G  band  comes 
from  the  ^2g  mode  of  graphite.  Thus,  the  intensity  ratios  of  the  two 


Fig.  5.  TEM  images  of  the  products  synthesized  with  NaBH4  (A)  and  AA  (B). 


bands  (7D/7G)  are  usually  used  to  explain  the  chemical  modification 
degree  of  the  graphitic  carbon  samples  28  .  The  ratio  of  the  7D/7G  is 
1.10  for  Pt-Pd  NFs/RGOs,  which  is  larger  than  that  of  GOs  (0.96), 
implying  the  decreased  size  of  the  in-plane  sp2  domains,  revealing 
efficient  reduction  of  GOs.  This  is  ascribed  to  the  introduction  of  a 
local  disorder  band  and  several  defects  induced  by  chemical 
reduction  29]. 


Binding  Energy  /  eV 


Binding  Energy  /  eV 


Fig.  4.  Survey  (A),  high  resolution  C  Is  (B),  Pt  4f  (C),  and  Pd  3d  (D)  XPS  spectra  of  Pt-Pd  NFs/RGOs. 
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Meanwhile,  UV-vis  spectra  of  Pt-Pd  NFs/RGOs  (Fig.  3B,  curve 
a),  RGOs  (Fig.  3B,  curve  b),  and  GOs  (Fig.  3B,  curve  c)  are  provided, 
further  verifying  the  effective  reduction  of  GOs  to  RGOs.  Specif¬ 
ically,  there  is  a  strong  absorption  peak  detected  at  229  nm  for  GOs 
corresponding  to  the  transitions  of  the  aromatic  C=C  bond 

[7].  However,  this  peak  red  shifts  to  258  nm  for  RGOs  and  Pt-Pd 
NFs/RGOs,  accompanied  with  the  decrease  of  the  peak  intensity, 
convincingly  proving  the  formation  of  RGOs  in  the  present  syn¬ 
thesis  [30]. 

XPS  analysis  is  utilized  to  determine  the  surface  state  and 
composition  of  Pt-Pd  NFs/RGOs.  The  survey  XPS  spectrum  reveals 
the  product  contains  C,  O,  Pt,  and  Pd  elements  (Fig.  4A).  As  dis¬ 
played  by  high-resolution  C  Is  XPS  spectrum,  the  peak  from  the 
C-C  bond  (284.5  eV)  is  much  stronger  than  those  from  the  C-0 
(285.5  eV),  C=0  (286.5  eV),  and  0-C=0  (287.9  eV)  groups 
(Fig.  4B),  further  confirming  the  efficient  reduction  of  GOs,  as 
demonstrated  by  the  Raman  measurements  [20,31  .  The  existence 
state  of  Pt  is  deciphered  (Fig.  4C),  in  which  there  are  two  pairs  of  Pt 
4f  characteristic  peaks  observed.  Specifically,  the  stronger  pair  (71.2 
and  74.4  eV)  is  originated  from  metallic  Pt°,  while  the  weaker 
couple  (72.5  and  76.4  eV)  is  assigned  to  Pt11  specie  in  the  forms  of 
PtO  and  Pt(OH)2  [32  .  Estimated  from  the  peak  intensity,  Pt°  is  the 
predominant  species  in  Pt-Pd  NFs/RGOs,  revealing  complete 
reduction  of  the  Pt  precursors  [33,34].  Similar  observation  is  made 


Fig.  6.  TEM  images  of  the  products  obtained  in  the  absence  (A)  and  presence  of  5  mM 
(B)  and  50  mM  (C)  NaN02. 


for  Pd  3d  region  (Fig.  4D),  illustrating  the  main  species  of  Pd°  in 
Pt-Pd  NFs/RGOs.  The  predominant  Pt°  and  Pd°  species  are  ex¬ 
pected  to  improve  the  catalytic  activity  towards  oxygen  reduction 
[35].  Besides,  the  loading  of  Pt-Pd  alloy  in  Pt-Pd  NFs/RGOs  is 
calculated  to  be  88  wt  %  based  on  the  TGA  data  (Fig.  SI,  Supporting 
information)  [36]. 

Impressively,  an  appropriate  reducing  agent  is  critical  for  syn¬ 
thesis  of  Pt-Pd  NFs/RGOs.  In  the  control  experiments,  a  large 
number  of  spherical  Pt-Pd  alloy  nanoparticles  are  produced  by 
using  sodium  borohydride  (NaNH4)  instead  of  hydrazine  hydrate  as 
a  reducing  agent  (Fig.  5A),  while  the  use  of  ascorbic  acid  (AA)  in¬ 
duces  the  formation  of  many  irregular  porous  nanospheres  with  a 
broad  size  distribution  (Fig.  5B).  Thus,  the  distinct  differences  in 
morphology  are  attributed  to  the  different  reaction  kinetics  caused 
by  the  associated  reducing  agent  [37].  The  weaker  reducing  ability 
of  AA  brings  a  slower  nucleation  process,  but  facilitates  subsequent 
selective  growth  of  large  porous  nanostructures  [38].  In  contrast, 
the  stronger  reducing  capability  of  NaBH4  induces  rapid  nucleation 
and  instantaneously  develops  into  spheres  to  minimize  the  surface 
energy  of  nuclei  [39  .  These  results  verify  that  comparatively  mild 
reducing  ability  of  hydrazine  hydrate  is  essential  to  the  formation  of 
Pt-Pd  NFs. 

Most  importantly,  without  (Fig.  6A),  with  insufficient  (Fig.  6B), 
and  excessive  (Fig.  6C)  NaNC>2  hardly  yield  flower-like  nanocrystals, 
because  of  the  essential  role  of  NaN02  preferentially  adsorbed  on 
the  Pt-Pd  alloy  surface  as  a  structure-directing  agent  [40].  Mean¬ 
while,  the  products  are  some  irregular  nanospheres  aggregated 
together  in  the  absence  of  PVP  (Fig.  S2A,  Supporting  information). 
And  its  less  dosage  (i.e.  0.1  wt  %  PVP,  Fig.  S2B,  Supporting 
information)  fails  to  produce  Pt-Pd  NFs,  as  obtained  from  the 


Fig.  7.  CO-stripping  voltammograms  of  the  Pt-Pd  NFs/RGOs  (A)  and  commercial  Pt-C 
(50  wt  %,  B)  modified  electrodes  in  0.5  M  H2S04  at  a  scan  rate  of  50  mV  s-1. 
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standard  procedure  with  0.25  wt  %  PVP.  Thus,  the  coexistence  of 
NaNC>2  and  PVP,  along  with  their  appropriate  amounts,  is  extremely 
necessary  for  flower-like  Pt-Pd  nanostructures  with  high  quality 

[41,42]. 

The  electrochemically  active  surface  area  (EASA)  of  the  Pt-Pd 
NFs/RGOs  modified  electrodes  was  calculated  by  the  CO-stripping 
measurements  (Fig.  7)  based  on  the  following  equation  43-46]: 

EASA  (m2  g-1)  =  Q/{G  x  420} 

Herein,  Q.  represents  the  charges  of  CO  desorp¬ 
tion-electrooxidation,  G  is  the  Pt  loading  on  the  electrode  surface, 
and  420  is  the  charges  required  to  oxidize  a  monolayer  of  CO  on 
bright  Pt  (pC  cm-2).  The  EASA  is  15.8  m2  g-1  for  Pt-Pd  NFs/RGOs, 
which  is  even  higher  than  that  of  commercial  Pt-C  (50  wt  %, 
15.1  m2  g-1 ).  The  larger  EASA  of  Pt-Pd  NFs/RGOs  provides  multiple 
active  sites  available  for  the  target  molecules,  which  imply  the 
improved  electrocatalytic  activity  of  Pt-Pd  NFs/RGOs  [47,48]. 

The  electrocatalytic  activity  of  Pt-Pd  NFs/RGOs  was  examined 
using  ORR  as  a  model  system.  Fig.  8A  shows  the  polarization  curves 
of  the  Pt-Pd  NFs/RGOs  (curve  a)  and  commercial  Pt-C  (50  wt  %, 
curve  b)  modified  electrodes  conducted  in  02-saturated  0.5  M 
H2SO4.  The  Pt-Pd  NFs/RGOs  modified  electrode  displays  much 
higher  diffusion-limiting  current  density  than  that  of  commercial 
Pt-C  (50  wt  %).  Besides,  the  half-wave  potential  of  Pt-Pd  NFs/RGOs 


is  0.62  V,  which  is  more  positive  than  that  of  commercial  Pt-C 
(50  wt  %,  0.48  V),  three-dimensional  dendritic  Pt  nano¬ 
electrocatalyst  (0.57  V)  [49],  and  mesoporous  hollow  PtCu  nano¬ 
particles  (0.51  V)  [50],  respectively.  These  results  mean  the 
improved  ORR  activity  of  Pt-Pd  NFs/RGOs  [51  .  To  further  evaluate 
the  ORR  activity  of  Pt-Pd  NFs/RGOs  and  commercial  Pt-C  (50  wt 
%),  the  diffusion-limiting  current  density  at  0.30  V  were  normalized 
with  the  loading  amount  of  Pt  (Fig.  8B).  The  Pt-Pd  NFs/RGOs 
modified  electrode  exhibit  a  mass  activity  of  35.3  mA  mg-1,  higher 
than  that  of  commercial  50  wt  %  Pt-C  (32.6  mA  mg-1),  manifesting 
the  enhanced  catalytic  activity  of  Pt-Pd  NFs/RGOs  [52  . 

An  additional  important  index  for  ORR  is  the  electron  transfer 
kinetics  and  thereby  a  series  of  polarization  curves  were  per¬ 
formed  at  different  rotating  rates  in  02-saturated  0.5  M  H2SO4 
(Fig.  8C).  For  the  Pt-Pd  NFs/RGOs  modified  electrode,  the  Kou- 
techy-Levich  plots  (Fig.  8D)  are  obtained  based  on  the  diffusion 
limiting  current  densities  taken  at  0.1  (curve  a)  and  0.3  V  (curve  b). 
The  ORR  performances  in  the  diffusion  limited  regions  are 
analyzed  by  the  Koutechy-Levich  equation  [5,53  .  The  electron- 
transfer  number  (n)  is  about  4.06  and  4.08  at  the  potentials  of 
0.1  and  0.3  V,  respectively,  indicating  that  the  catalytic  reduction 
of  O2  to  H2O  is  mainly  dominated  by  a  four-electron  transfer 
pathway  [54  . 

For  the  fuel  cell  applications,  the  durability  of  a  catalyst  has  been 
considered  as  one  of  the  important  points  53,55  .  Therefore,  cyclic 


Fig.  8.  Current-potential  curves  (A)  of  the  Pt-Pd  NFs/RGOs  (curve  a)  and  commercial  Pt-C  (50  wt  %,  curve  b)  modified  electrodes  in  02-saturated  0.5  M  H2S04  at  5  mV  s~:  with  a 
rotating  rate  of  1600  rpm  and  their  corresponding  mass  activity  (B)  at  0.30  V.  Current-potential  curves  (C)  of  the  Pt-Pd  NFs/RGOs  modified  electrode  with  different  rotating  rates 
(curve  a-e):  200,  500, 1000, 1600,  and  3000  rpm.  Koutecky-Levich  plots  (D)  for  02  reduction  at  0.1  V  (curve  a)  and  0.3  V  (curve  b),  respectively.  Cyclic  voltammograms  (E  and  F)  of 
the  Pt-Pd  NFs/RGOs  (curve  a)  and  commercial  Pt-C  (50  wt  %,  curve  b)  modified  electrodes  in  0.5  M  H2S04  before  and  after  500  cycles  at  50  mV  s-1,  respectively. 
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voltammograms  were  recorded  for  500  cycles  to  probe  the  catalytic 
durability  of  the  Pt-Pd  NFs/RGOs  modified  electrode  in  0.5  M 
H2SO4  (Fig.  8E),  using  commercial  Pt-C  (50  wt  %)  as  a  reference 
(Fig.  8F).  After  500  cycles,  the  current  densities  of  Pt-Pd  NFs/RGOs 
and  commercial  Pt-C  (50  wt  %)  decrease  to  67%  and  41%  in  the 
hydrogen  adsorption/desorption  region,  respectively.  Moreover, 
the  hydrogen  adsorption  peak  is  negatively  shifted  with  a  value  of 
23  mV  for  Pt-Pd  NFs/RGOs,  smaller  than  that  of  commercial  Pt-C 
(50  wt  %)  with  a  negative  shift  of  34  mV.  These  results  confirm  well 
durability  of  Pt-Pd  NFs/RGOs  [4,56]. 

As  known,  a  common  ORR  process  involves  both  the  breaking  of 
the  0-0  bond  and  the  formation  of  the  OH  bond  [57  .  Previous 
work  verifies  that  the  d-band  center  energy  (ej)  of  a  catalyst  plays  a 
key  role  in  determining  the  surface  reactivity  58].  A  higher  of  Pt- 
based  catalyst  tends  to  facilitate  the  0-0  bond  breaking  but  un¬ 
favorably  forms  the  OH  bond,  inclining  to  strongly  binding  adsor¬ 
bates.  Conversely,  a  lower  one  can  promote  the  formation  of  the  OH 
bond  while  it's  weak  to  bind  adsorbates.  As  a  result,  the  changes  of 
cd  might  be  responsible  for  different  ORR  activities  of  various 
metals.  In  our  case,  it's  believed  that  the  presence  of  Pd  in  Pt-Pd/ 
RGOs  causes  the  change  of  e d  of  Pt  and  the  increase  of  Pt-Pd  dis¬ 
tance,  bring  the  improved  ORR  activity,  compared  with  commercial 
Pt-C  (50  wt  %).  This  change  can  weaken  the  Pt— 0“  adsorption  and 
enhance  the  ORR  kinetics  of  Pt  monolayer,  which  is  similar  to  those 
in  the  literature  [37,59].  Besides,  the  enhanced  ORR  activity  and 
long-term  durability  of  Pt-Pd  NFs/RGOs  can  also  be  attributed  to 
the  unique  flower-like  nanostructures  for  providing  more  active 
sites  available  and  fast  electron-transfer  kinetics  of  RGOs  31,60,61  ]. 

4.  Conclusions 

In  summary,  we  prepared  well-defined  Pt-Pd  alloyed  nano¬ 
flowers  uniformly  supported  on  RGOs  by  a  simple  wet-chemical 
approach,  without  using  any  seed,  template,  or  organic  solvent. 
The  as-prepared  nanocomposites  displayed  the  enhanced  ORR 
performance  mainly  by  a  four-electron  transfer  pathway  and  the 
improved  durability.  These  are  due  to  the  synergistic  effects  be¬ 
tween  Pt  and  Pd,  abundant  catalytic  active  sites  of  Pt-Pd  NFs,  and 
the  unique  structures  of  RGOs  as  a  support  for  loading  catalysts. 
Compared  to  individual  Pt  catalysts,  the  as-prepared  Pt-Pd  nano¬ 
crystals  possess  higher  electrocatalytic  activity  with  lower  syn¬ 
thesis  cost  (low  Pt  catalysts),  which  makes  it  a  fascinating 
electrocatalyst  for  fuel  cells  application.  Furthermore,  this  simple 
one-pot  synthesis  strategy  opens  a  new  avenue  for  preparing  other 
functional  nanostructures  on  suitable  supporting  materials. 
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